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I . INTRODUCTION

This paper addresses the practice of using

rigid standards in geometric highway design.

There exist examples of successful highways
where standards have not been adhered to,
and on the other hand, there exist examples of
highways designed with rigid standards that
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have not operated smoothly or safely. These
observations have led to the conclusion that
the designer must understand the underlying
rationale, and must consider all the oper-
ational consequences of the design standards.

The geometric design standards widely used
in highway design are deterministic in charac-
ter and thus ignore important probabilistic
factors of highway operations. Most design
values of highway elements are determined by
only two factors : the highway type and the
design speed. The experience gained from the
application of highway design standards re-
veals that the omission of probabilistic and
economic factors may, in some situations, lead
to significant inefficiencies.

The design values for highway elements are
determined from the input parameters using
physical and driver behaviour relationships.
The value of an input parameter is usually
chosen as the 85th percentile value of its dis-
tribution (see for example, AASHO, 1984 and
Kerman, 1980). Using a given percentile, a
single design value is then derived, instead of
a distribution of possible design values. How-
ever, it is possible, for example, that by using
the 85th percentile value of the speed and the
lateral acceleration distributions, the resulting
design value of an horizontal radius may re-
present only the 70 the percentile value of all
desired radii. Moreover, there are design pro-
blems that cannot be solved by using unique
percentile values(Craus and Lirneh, 1978 and
Craus et al., 1980).

The second drawback of existing design
standards is that they are not sufficiently sen-
sitive to important operational and economic
factors such as: volume, accident rate and

monetary costs. Recently, a stronger empha-

sis in design has been placed on the economic

factors. Highway construction agencies are
relying increasingly on expedient and cost ef-
fective standards which are essentially below
current AASHTO(1984) standards.

This paper develops an approach to geo-
metric design of highways that takes into ac-
count probabilistic and cost factors. It is
suggested that the concept of “design stan-
dard” be replaced with a broader concept of

“design process.” In this process, the designer
uses all the available information about values
of input parameters and employs explicit de-
sign criteria. We employ a “cost function”
that takes different values for alternative de-
signs, and select that optimal design value
that brings to a minimum the objective func-
tion. Section 2 of this paper describes the
various stages of the design process, and the
remainder of the paper develops the
application of this approach to the design of a
climbing lane on a two—lane two—way rural

highway.

I . THE PROPOSED APPROACH TO GEO-
METRIC DESIGN OF  HIGHWAY
ELEMENTS

The proposed design process for the selec-
tion of an optimal design value for a highway
element is schematically shwon in Fig. 1 and

discussed below.
1. Defining Input Values Distributions

The design of highway elements requires
many input parameters. For example, in the
design of a vertical curve, one needs to know
parameters such as : speed, driver perception-
reaction time, friction factor, height of a
driver’s eye height of possible obstacles.
These parameters are not constant since they

vary among drivers, vehicle types, weather co-
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nditions, etc. Therefore, the designer is faced
with distribution of parameter values. The
most studied distribution is that of the running
speed of vehicles. It is often approximated by
the normal distribution. Distributions of other
input parameters have also been investigated
and documented, e.g., sight distance by
Glennon(1988), height of a driver’s eye by
Farber(1982), and vehicle performance by
Walton and Lee(1977).

| DEFINING INPUT VALUES DISTRIBUTIONS j

<=
| PHYSICAL AND BEHAVIORAL RELATIONSHIPS |

J

| SELECTING DESIGN CRITERIA |

<>
| DERIVING OPTIMAL DESIGN VALUES 1

Fig. 1 A Design Process to Derive an Optimal
Geometric Design Values for a High-
way Elements

These distributions are different from place
to place and from time to time, because they
are dependent on conditions such as:
weather, elevation above sea level, traffic
composition and driver’s performance. Thus,
for the design of a specific highway, the dis-
tribution of input parameters can be estimated
either from field measurements or by making
reasonable assumptions about the distribu-

tions, and using previously collected data.
2. Physical and Behavioural Relationships

Vehicle performance is governed by basic
physical and behavioural relationships. For
example, in the design of a horizontal curve,
the centrifugal forces acting on the vehicle
must be considered. An example of a

behavioural relationship can be found in the
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design of a vertical curve where perception-re-
action time of the driver is used to estimate
his stopping distance.

These basic relationships define the func-
tional dependence of an intermediate variable
on the input parameters. For example, to de-
termine the radius R of a vertical curve, one
uses the following input parameters : V—
speed, f—friction factor, t—driver perception-
reaction time, h, —driver height of eye, and h,
—obstacle height. These parameters are used
in the following two relationships : define the

stopping distance S as

2

B L .
2 g1 (1)

S=Vet+
where g is gravity acceleration ; and from the
geometry of the curve define the sight dis-

tance s by
s=(2 + R)"*(h,"*+h,"?)

We can derive from these relationships a
radius denoted by r such that the sight dis-
tance is equal to the stopping distance. Thus,
substitute

in (2) to obtain

SZ
PP @
z(hll/2+hzl/2)2

In this example, we have defined three in-
termediate variables i s, S and r. In the fol-
lowing subsection we will show how we use
these variables to determine a design value for
R.

3. Applying the Design Criterion

In order to select a design value, one needs to

adopt a design criterion that can be based on



safety considerations as well as on operation
and construction costs. Existing design stan-
dards tend to be based exclusively on safety
considerations. The design values are com-
puted from the physical relationships which
satisfy some minimum safety conditions.

The proposed approach is to define an
explicit objective function which attains its op-
timal level by the selection of the “optimal”
design value. This objective function includes
several cost components, taking into account
road users, construction and maintenance
costs. The road users cost function may in-
clude vehicle. operating costs, value of travel
time and the costs of road accidents. This
cost function is dependent on the traffic
volume. The construction and maintenance
cost function determined by the geometric de-
sign value and by highway construction and
maintenance cost parameters includes pave-
ment cost, earth movement costs, etc.,
expressed in terms of equivalent annual cost.
The objective is thus to minimize total cost
associated with a highway element.

Suppose, for example, that the design value
X is being sought for a highway element. De-
note the input parameters and intermediate
variables as x, the probability density function
of x as f(x), the road user cost function as C
(X, x), and the construction cost function as I
(X). We write the following objective func-

tion :

Min[ [,C(X, %) - F0)dx+I1(X)]  ooeeene )

and the optimal value of X as X,x. Note that
the objective function can be subjected to
safety and environmental constraints. For
example, one may wish to limit the maximum
value of a vertical curve radius. The same ob-

jective function can be applied also in a de-
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terministic approach with constant values for
the input parameters.

As a specific example, consider again the
case of selecting the radius of a vertical curve
denoted by R. Suppose that fixed values of
the input parameters are used to calculate a
value for r which is the currently used design
standard. Define the following road usef’s

cost function

0,(r—R)? for R<r
C(R,r)={
0 for R=r

where 6, is a constant parameter. This
road user’s cost function is a quadratic func-
tion of the difference between r and the radius
R for curve radii smaller than the value of the
radius necessary to have the stopping distance
equal to the sight distance. It seems reason-
able to assume that the costs of accidents and
delays due to speed changes are increasing
more than linearly with increasing difference
between stopping and sight distance. The con-
struction cost function which mainly explains
differences in earth movement costs
associated with different values of R can be

approximated by the form :
I(R)=8,R?

where 8, is a constant. For for R=r, it is
evident that Rex=r.
In the range of R{r, the objective function

is :
Ming[81(r—R)Z-+6,R2]  weervvereerencinncens (8)

The solution R is given by @

Rop‘ TR e te4tsasstasetascassensanans 9)

that is, the optimum design value is related to
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the intermediate value r by the ratio of the
parameter of road user cost to the parameter
of the construction cost. It can be seen that
unless 6;=0, Rou is always less than r. Thus,
when r is accepted as the design standard, it
means that the cost of earth movement it
taken to be negligible relative to the costs
associated with road accidents and delays.

It should be mentioned that several previous
studies have dealt with the monetary costs of
the design standards (e.g., Kerman, 1979).
However, the monetary costs were evaluated
for arbitrarily selected design values, and no
attempt was made to search for a general op-
timal design.

The remainder of this paper developes in de-
tail the application of the proposed approach

to the design of a climbing lane.

M. A CLIMBING LANE EXAMPLE

1. The Problem

A climbing lane runs alongside the regular
lanes on upgrades. It is constructed for oper-
ational and safety reasons for the use of slow
moving vehicles, especially trucks. The design
problem is to determine the length of a climb-
ing lane, (see Fig. 2). Consider an uphill high-
way section with a given grade, 1%, and a
total length of L. Let x be the distance of to a
point on the upgrade from the starting point
of the grade, 0. The design value X, is the

Climbing lane

X I°

0
Fig.2 The design problem of a climbing lane
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distance from point 0 to the beginning of the

climbing lane.
2. The AASHO(1984) Design Procedure

The current design practice is to find a
value of X, such that the maximum differ-
ence between the average speeds of light ve-
hicles and trucks will not exceed a predeter-
mined critical value AV., eg., 16kn/h
(AASHO, 1984 and Craus et al., 1981). The
design procedure proposed by AASHO is
based on the following assumptions :

O The average entrance speed of light
vehicles to the upgrade is equal to the
average running speed. The light ve-
hicle average speed is not affected by
the upgrade, i.e., the level running
speed is maintained.

O The average entrance speed of
trucks to the upgrade is equal to the
average running speed of light ve-
hicles. It is decreasing with x accord-
ing to performance curves which
were developed during the 1970’s for
a truck with a weight to power ratio
of 400 1b/h.p.

The AASHO procedure can be summarized
by using the following notations :

Vg is the level running speed of light ve-
hicles, V., is the entrance speed of a passen-
ger car to the upgrade, V. is the entrance
speed of trucks, V,, is the speed of a car at
point x on the upgrade, and V. is the speed of
a track at point x. It is assumed that

Veo=V,=Vr
Vot=VR
Va{Va for x)o and ido

This approach is subject to the following

shortcomings :
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O It considers only an average or a per-
centile value instead of the full dis-
tribution of running speed.s

O It assumes that the upgrade has no
effect on the light vehicle speed.

O Since vehicle performance is a func-
tion of its weight, engine size, vin-
tage, and driver’s ability, there is, in
fact, a distribution of vehicle deceler-
ation rates for a given upgrade.

Serveral authors have proposed the use of
stochastic simulation models to improve on the
AASHO procedure(See, for example, 1980,
Homburger, 1987). The approach developed
by Homburger(1987) considers a specific up-
grade with given traffic conditions and a
budget constraint, and searches for the lo-
cation of the climbing lane on the upgrade
that is the most cost effective. However, in
order to perform this evaluation, he developed

a very detailed microscopic simulation model.
3. The Proposed Approach

In this paper, we also search for the cost ef-
fective design but employ a simplified, analyti-
cal macro-scopic model at the same level of
detail as the AASHO procedure.

In the following paragraph, we describe the

various stages of the proposed approach.

4. Def ininé Input Parameters

Distributions

The inputs needed for the climbing lane de-
sign problem are :
O The entrance speeds of cars and
trucks to the upgrade.
O The deceleration rates of cars and
trucks on the upgrades.
It is assumed that the entrance speeds of

cars and trucks are normally distributed as

follows :

Vop~N( £ vop azvap)
Va~ N vy Gor)  weoreresmresesmmssansenens a

where g vy and .« and o%, and ¢*., are the
means and variances of the entrance speeds
for cars and trucks, respectively. In previous
studies it was shown that the speed profile of
trucks along the upgrade can be approximated

by a linear function as follows :
Vx‘=V°‘+C‘ @ X seesrecctssresstacerisanisnninran (1?)

where C, is the rate of truck speed change per
unit distance for a given upgrade of 1%.
Assume that C, is approximately normally dis-

tributed as follows :

CinN( ey 0%)  weresvresesveessinseiiaeeennns 13

where u .and o’ are the mean and the vari-
ance of C,, respectively.

Assumptions (1), (2, and (13 imply that the
speed of trucks at any point x along the up-
grade is also normally distributed, as fol-

lows :
th~N( " ottt X e H ety 02vo(+xz . ozcl) b (14)

Similar considerations applied to the per-
formance of cars on upgrades lead to the fol-
lowing distribution of car speeds at any point

x along the upgrade,
Vo~N(tw+X* g, Owuptxl*o’y) - ({19

where p o and g are the mean and variance
of C,, the rate of speed change for cars on a

given upgrade of 1%

5. Deriving the Distributions of Intermedi-
ate Variables

The key intermediate variable for this de-

sign problem is the profile of speed differences
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between cars and trucks along the upgrade.
Define the speed difference at distance x from

point 0 as
AV:"—'pr_‘th ................................. 16

From equations (14) and (19 it follows that it is
equal to the difference between two normally
distributed variables. Thus, AV, it is also
normally distributed with the following mean

and variance :

Hoaw = [l vop— llvo(+x'(llcp_ ﬂcl)
=a+bex

OZA\-x = Uzvap+ ozvot+ Xz(ach+ Uzn) =d +g- Xz

6. Applying the Percentile Design

Criterion

Find the point along the upgrade, denoted
as x(AV.), where the critical speed differ-
ence is not exceeded for a prespecified per-
centile denoted p. This percentile criterion is
being used when strong safety considerations
exist, and explicit monetary cost function can-
not be developed. To apply this percentile cri-
terion, recall from (17) that :

—a—bx

P[AV,SAvuqus(%ﬂ?_E_Tx_) ceeene(l®)

and find the solution x(AV,.) such that
P(AVLSAVL) =P  cerrererrnssesatnnnincncaes 19

The positive solution of the quardratic
equation obtained from (8 and (9 is

2b(AVe—a)+ {4b?*(AV.—a)?

XA = e (p))

—4(b* g (pN [(AV.—2a)2—dg ™ (p) ]}

A deterministic criterion equivalent to the
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AASHO procedure is obtained as a special
case of the above percentile criterion by sub-

stituting in Q0

d:g:o .......................................... QD
to get
AVe—a
X(Avﬂ)del;-—b‘— ..................... @

In the AASHO procedure it is further
assumed that a=0 and b= p a.

The designer must assign values to two par-
ameters ; AV, and p. The critical speed dif-
ference between the trucks and cars is usually
in the range of 16km/hr to 24km/hr and the
critical percentile of the speed difference dis-
tribution is usually in the range of 80~95 per-
cent. The choice of these values is fairly arbi-
trary. It is usually based on previous
experience and values that are reported in the
literature to produce “good” results. In the
following section, we shall develop a rational
approach that does not require to assign such

arbitrary values to obtain the design criterion.

7. Applying the Expected Cost Design Cri-

terion

This approach determines directly the value of
Xo. The objective function includes the fol-
lowing two cost components which are func-

tions of X :

1) The construction cost : v
Define the equivalent annual construction
cost per unit length of the climbing lane as 2
: the construction cost of the climbing lane
starting at point X, on the upgrade is given
by :

[(Xe) =A(L—Xo)
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2)  The road user’s cost :

A speed difference of AV between cars
and trucks results in additional costs to the
road users, due to the increase in accident
rates, increase in time delays, and increase in
fuel consumption due to speed changes. [t
was found that the road user cost is increas-
ing more than lineraly with the increase of A
V, Assume that these road user costs per unit

distance on the upgrade can be expressed as
C(AV)=a+ AV+r e AVE creeeeemnennnn )

where @ and r are the cost function para-
meters. (The empirical values of these para-
meters will be considered in the following sec-
tion).

The speed difference, and as a consequence
the additional road user costs, exist only up to
the starting point of the climbing lane, and the
expected total road user cost is calculated as
follows :

C(Xa)=I§“ 12 cav) « (av]x)

e AAV ¢ dX  reerereererrrsremeceessrennsermanenns o

where C(X.) is the expected total road user
cost, and f(AV | x) is the probability density
function of the speed difference at point x al-
ong the upgrade. The sum of (22 and @4 de-
fine the expected total cost associated with the
climbing lane. The optimal design value is ob-

tained from

. Xg oo
Min( [ Jcav) - (av |x) - davdx
0 —oo
+(L_Xcr) * ﬁ]

where C(AV) is given by @3 and f(AV | x)
is a normal density with parameters given by
(7. Using the definitions of 1st and 2nd mo-

ments, we get for the expected user costs per

unit distance the following expression :

©0
[ (@« aV+r - aV) < 1AV | X) - daV
—0co
T QT N L W BT P @8

Substitute @6 and @7 in the objective function
@9 to obtain

Xo
Min[ [ [a(a+bx)+7(a®+2abx+bx
X "¢
+d+gx?)Jdx+(L—Xg) = f] -ooee- )

The optimal value of X, is derived by setting
the derivative of the objective function in @)

with respect to X, equal to zero, as follows :

r(b*+g) * X:+(a+*b+2a+b-7r)Xa
+[aa+7r(a®+d)—p]=0

The positive solution to the quadratic equation
@9 (for r)0), is given by :

XOP —ab—2ab « r+ / (ab+ 2abr)?
er 2r(b*+g)

—4r(b’+g) * [@a+r(a’*+d)~5]

The general solution for the optimal value
of X, in a case of quadratic road user cost
function, given in @9, has the following pro-
perties :

O There might be a theoretical case
where eq. @9 does not have a real solution,

when

(ab+2abr)*(4r(b*+g) [aa+r(a?+d) —4]

A necessary condition for @0 is :
aa+r(a?+d) __/9)0 ........................... [23)]

However, note that the first two terms on
the left side of eq. (1) are in fact equal to C(X
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«=0) which is the expected total user cost if
the climbing lane were to start at the begin-
ning of the upgrade. This is due to the fact
that speed differences between cars and
trucks exist at leveled highways as well
Thus, the meaning of the necessary condition
@D, is that even at the beginning of the up-
grade, the total road user costs are greater
than the construction cost per unit distance.
Therefore, if @) holds, it is economical to add
an extra lane, even on the highway section
preceding the upgrade.

The economic design criteria can also be
applied independently of the distributional
assumptions by using a deterministic
approach. In the above example, the de-
terministic approach can be represented by

setting

A simpler deterministic version which corre-
sponds to the assumptions made in the
AASHO procedure is obtained by assuming
that the entrance speeds of trucks and cars
are equal, i. e.,, a=0, to get the following re-
sult :

Xopt= ab+ /b’ +4rb? - g

cr 2rb?

The ratio between the general solution of X‘:t
in @9 and the special case of @3 is not
straightforward, and it depends on the values
of the various parameters.

In the case of a linear road user cost func-
tion, i. e., r=0, the solution of the first order
condition in @8 is given by

opt ﬂ—-aa

X = me———— tecaen
cr ab b &

This solution implies that the design value of

X, for a linear cost function is independent of
the variance of AV. Note that this solution is
identical to the deterministic solution given by
equation @) by letting AVe.=p5/a

The approach presented above has the fol-
lowing advantages :

O It is sensitive to the construction
costs of the climbing lane given by
the parameter .

O It is sensitive to the traffic volume
and local conditions such as value of
time and accident costs that are re-
presented by the parameters ¢ and 7.

© It is sensitive to local conditions of
driver performance and traffic com-
positions represented by the para-

meters a, b, d and g.
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